December 2015 were reviewed. Complications of surgery and changes in seizure type and frequency, injuries, and use of antiepileptic drugs were recorded. Drop attacks were analysed using Kaplan-Meier event-free survival curves. Multivariable regression analysis was used to assess the effect of clinical characteristics on outcome at last follow-up.
Corpus callosotomy is a palliative treatment for patients with either generalized or multifocal refractory epilepsy characterized by injurious drop attacks. There are no universally accepted indications for corpus callosotomy, and patient selection is centre-and surgeon-dependent. In a systematic review of corpus callosotomy, paediatric patients appeared to benefit from corpus callosotomy more frequently than adults, with 88% of paediatric patients achieving rare or no drop attacks after a compete callosotomy procedure.
1 T ellez-Zenteno et al. found that in studies without prolonged follow-up, 2 at least 65% of patients were likely to be either free or almost free of drop attacks but that sustained freedom from drop attacks diminished significantly beyond 5 years. More recently, the population study of long-term outcomes by Stigsdotter-Broman et al. found that sustained benefit is possible up to 10 years. 3 Surgical and neurological complications do occur, but there are typically no enduring complications in children. 1, 4 Notably, disconnection syndrome, which presents with a combination of alien limb, apraxia, tactile and/or visual anomia, agraphia, neglect, and dyslexia, has been reported in 13% of children undergoing complete corpus callosotomy, which is higher than that reported in adults. 1 However, unlike adults, disconnection syndrome in children appears to always resolve within 3 months. Earlier intervention is generally preferred in epilepsy surgery, 5 and children who undergo successful epilepsy surgery have significantly prolonged life expectancy compared with children managed medically. 6 This paper presents a retrospective case series of outcomes and complications of 20 years of corpus callosotomy experience at Great Ormond Street Hospital in London and the Children's Hospital at Westmead in Sydney.
METHOD
For this type of study formal consent is not required. Ethics approval for this study was granted by the Sydney Children's Hospital Network Human Research Ethics Committee (HREC Reference LNR/14/SCHN/178) and the Great Ormond Street Hospital Clinical Audit Department (Registration Number 1974).
Patient selection
Between January 1995 and December 2015, 76 patients underwent corpus callosotomy at Great Ormond Street Hospital and the Children's Hospital at Westmead. Patients were excluded if they (1) were 18 years or older at the time of surgery (n=2); (2) were last seen in the immediate postoperative follow-up clinic (lost to follow-up; n=18); or (3) underwent additional resection at the time of surgery (n=1).
Fifty-five patients met the inclusion criteria, five of whom subsequently underwent secondary completion of corpus callosotomy.
Surgical work-up and approach
All patients underwent full preoperative evaluation according to the International League Against Epilepsy recommendations for referral and evaluation. 7 This involved evaluation by a multidisciplinary team involving neurologists and neurosurgeons and agreement upon case selection before proceeding to surgery. Patients offered callosotomy were deemed to be unlikely to benefit from resective surgery but considered likely to benefit from disconnective surgery. The decision for partial or complete corpus callosotomy was based on neuropsychological assessment; patients with poor cognitive function, especially verbal function, were selected for complete corpus callosotomy. Completion of corpus callosotomy was based on postoperative seizure control.
Surgery was performed by specialist neurosurgeons WH and MMT at Great Ormond Street Hospital and MD at the Children's Hospital at Westmead. A standard technique was used in both centres, which reduces the possibility of variability, although variability cannot be excluded. A single craniotomy was performed over the midline and centred on the coronal suture. Depending upon the vascular anatomy, the callosotomy was performed to the left of the falx cerebri. The dissection was taken to the planned posterior extent of the corpus callosotomy and then anteriorly to the anterior cerebral arteries. Anterior corpus callosotomy included any callosal section that spared the splenium and all or part of the isthmus. Complete corpus callosotomy included any callosal section that divide the splenium. There are no anatomical landmarks so neuronavigation offers the best intraoperative decision tool. The loss of accuracy as the division advances is small owing to the fact that the procedure is midline.
Follow-up
All patients were followed up within 6 weeks of surgery. Owing to the severity and complexity of refractory generalized epilepsy, most patients were followed-up regularly with formal review. Further investigations were conducted when a patient's epilepsy was worsening or new seizure types were emerging. The patient was considered lost to follow-up if they had less than 3 months of follow-up. The authors attempted to contact all patients who were lost to follow-up, but contact could only be made with two patients and they were included in the case series. A total of 18 patients were lost to follow-up.
Data
Data were sourced from clinical records to ascertain the clinical progression of seizure semiology. Seizure semiology was recorded using the 1989 International League Against Epilepsy classification of seizures. 8 Drop attacks were classified as tonic, atonic, or myoclonic. 8 The Barkovich classification system was used to classify abnormal magnetic resonance imaging (MRI) findings. 9 The extent of callosotomy was confirmed on follow-up MRI for 31 patients. Confirming the extent of callosotomy on postoperative imaging was not standard practice for patients during the period of this data collection but would be valuable in a prospective study.
Outcomes
The primary outcome for this study was frequency of drop attacks; a good outcome was defined as free of drop attacks or rare drop attacks. While there is some controversy over the use of the Engel classification system in disconnective surgery, it is clinically relevant and commonly used in clinical practice for reporting epilepsy surgery outcomes after corpus callosotomy.
1 Therefore, the Engel classification system was used as the basis for the definition of good outcome in this paper; 10 the phrase 'Engel Class I-II' has not been used in order to avoid confusion as this could imply 'completely or almost seizure free'. Severity of surgical and neurological complications were classified according to the same classification system as Hader et al. 11 Neurological complications were assessed by the treating neurologist. The following secondary outcomes were also included: (1) other seizure outcomes at last follow-up -frequency of generalized seizures, partial seizures, and spasms at last follow-up, including new-onset seizures (a good outcome for other seizures is defined as rare or no seizures of this type after surgery, aligning with Engel class I-II); (2) injury outcomes at last follow-up -number of patients who regularly sustained injuries as a result of their drop attacks at the time of surgery compared with number at last follow-up; (3) changes in the number of antiepileptic drugs (AEDs) at last follow-up -the number of AEDs at the time of surgery compared with the number of AEDs at last follow-up.
What this paper adds
• Corpus callosotomy is an effective palliative treatment and well tolerated in children.
• Good outcomes for the first 12 months after surgery were likely to continue.
• The number of antiepileptic drugs can be significantly reduced after corpus callosotomy.
• Patients with fewer than three types of seizure had better outcomes.
• There were fewer injuries from drop attacks after surgery.
Neuropsychological changes at last follow-up were not included as postoperative formal assessment was not regularly conducted and this paper is a reflection of actual practice.
Statistical analysis
All statistical analysis were conducted using SAS version 9.4. Categorical data were compared using Fisher's exact test and interval data were compared using the MannWhitney U test. The duration of good drop attack outcome was analysed using Kaplan-Meier event-free survival curves using right-censoring of data and the log-rank test; right-censor date was 31st December 2015. The following clinical features were modelled using the log-rank test for statistical significance, as well as multivariable logistic regression analysis: age at onset; age at surgery; tonic drop attacks; extent of callosotomy (anterior vs complete); diagnosis of Lennox-Gastaut syndrome, West syndrome, or Ohtahara syndrome; moderate-to-severe developmental delay; and abnormal MRI features. Backward selection was used for the multivariable logistic regression model; Wald v 2 statistic was used to test for significance and Harrell's C statistic was used for goodness of fit. Initial seizure-free period of 12 months, 18 months, and 24 months postoperatively was also analysed using a landmark analysis and the log-rank test for statistical significance. The landmark analysis assessed the effect of an initial period of 12 months of good outcome of drop attacks (the 'cut-off period'). Two groups were considered with this approach: (1) all patients; and (2) patients who were right-censored beyond the cutoff period or who had drop attacks return after that period. Kaplan-Meier survival curves of these two groups of patients were compared using log-rank statistics. All pvalues were two-tailed and significance was defined as p<0.05.
RESULTS

Patient demographics
Preoperative demographic data are shown in Table I . Median age at surgery was significantly greater at the Children's Hospital at Westmead (147.5mo vs 111mo; p=0.02), and there were significantly more patients with myoclonic-atonic drop attacks (6 vs 0; p<0.01), atonic seizures (3 vs 0; p<0.05), and myoclonic seizures (12 vs 6; p<0.01) at the Children's Hospital at Westmead. A total of 11 out of 55 patients underwent anterior corpus callosotomy, 43 out of 55 patients underwent complete corpus callosotomy.
In total, before surgery 4 out of 55 patients had only drop attacks, 9 out of 55 patients had drop attacks plus one other type of seizure, 22 out of 55 patients had drop attacks plus two other types of seizure, and 20 out of 55 patients had drop attacks plus at least three other types of seizure. All patients had some degree of developmental delay (n=55); in 49 patients this was moderate-to-severe. Structural brain abnormality was the most common known epilepsy aetiology (n=15). Other aetiologies included genetic (n=8), infectious (n=3), and immune mediated (n=1). Comorbidities other than developmental delay included cerebral palsy (n=10), autism spectrum disorder (n=10), attention-deficit-hyperactivity disorder (ADHD) (n=8), and sensorineural hearing loss (n=2). Three patients had two comorbidities other than developmental delay (cerebral palsy with autism spectrum disorder, cerebral palsy with ADHD, and autism spectrum disorder with sensorineural hearing loss). 
Complications
Neurological complications occurred in 11 out of 55 (20%) surgeries and all resolved within 6 weeks. These included hemiparesis (n=7), disconnection syndrome (n=2), gait ataxia (n=1), and aphasia (n=1). Disconnection syndrome occurred in one patient with anterior corpus callosotomy and one patient with complete corpus callosotomy. Minor surgical complications occurred in 6 out of 55 (11%) surgeries and included intracranial haematoma that did not require surgical evacuation (n=2), pyrexia (n=2), and intracranial infection (n=1)
Primary outcome
Median follow-up postoperatively was 36 months (interquartile range 34mo, range 7-131mo). Figure 1 shows the frequency of drop attacks preoperatively and at last follow-up.
Overall, 26 out of 55 (47%) patients achieved a good outcome for drop attacks at last follow-up. Of the children with a poor postoperative drop attack outcome, 26 out of 29 (90%) of these patients had a return of drop attacks within 12 months of surgery. The Kaplan-Meier survival curve of good outcome for drop attacks is shown in Figure 2a . This shows the number of months post-callosotomy that patients had a worthwhile reduction in drop attacks. Log-rank statistics for clinical features correlated with good outcome are shown in Table II. A landmark analysis is shown in Figure 2b . The results for cut-off periods of 12 months, 18 months, and 24 months are shown in Table III , including the proportion of patients who continue to have good outcome for drop attacks after the cut-off period. The results are not significant when the cut-off period is 6 months (p=0.07).
Secondary outcomes
Patients with drop attacks plus one other seizure type before surgery were significantly more likely to achieve a good outcome for other seizures compared with patients with two other seizure types or three or more other seizure types (100% vs 23% [p<0.01]; 100% vs 10% [p<0.01]). The number of other seizure types were not associated with any statistically significant differences in outcome for drop attacks. The overall outcome and the frequency of other seizure types is shown in Figure 3 .
There was a significant reduction in the number of patients who were regularly sustaining injuries caused by their drop attacks (77% preopertively vs 21% at last follow-up; p<0.01). Among patients who continued to have drop attacks at the time of last follow-up, there was also a significant reduction in the number of patients sustaining injuries (73% preoperatively vs 42% at last follow-up; p=0.05) (Fig. 1) .
A total of 7 out of 55 patients had developed new-onset partial seizures at last follow-up and 3 out of 55 patients had developed new-onset generalized seizures at last follow-up. There were no significant differences in new-onset seizures between patients with good outcome for drop attacks and patients with poor outcome for drop attacks The median number of AEDs used before surgery was three (interquartile range 1), whereas at last follow-up the median number of AEDs was two (interquartile range 1). A two-tailed paired Student's t-test showed that there were significantly fewer AEDs used at last follow up compared with preoperatively (p<0.01).
Multivariable regression analysis
Multivariable logistic regression analysis of good outcome for drop attacks using backward selection had a Harrell's C-statistic of 0.66 and a maximum rescaled R 2 value of 0.14. None of the clinical features described in the method reached statistical significance. 
DISCUSSION
Despite the heterogeneity of patients in this case series on paediatric outcomes of corpus callosotomy, there were very few differences between the two centres. All patients had some degree of developmental delay, with the majority having moderate-to-severe developmental delay and almost half of the patients having at least one other comorbidity.
Lennox-Gastaut syndrome, West syndrome, and Ohtahara syndrome were the most common syndromes. All patients had been investigated with MRI as part of their work-up; 55% had an abnormality. Genetic causes were found in 15% of patients.
In a systematic review of corpus callosotomy in paediatric patients, Graham et al. reported that 88% of total corpus callosotomy patients achieved a worthwhile reduction in drop attacks compared with 59% of patients with partial corpus callosotomy, 1 which is higher than the outcomes in the present study. Our landmark analysis showed that there was a significant effect of at least 12 months of worthwhile benefit of corpus callosotomy on drop attacks (p<0.05). Indeed, 81% of patients who did have a return of drop attacks did so within 12 months of follow-up, similar to the case series by McInerney et al. 12 However, patients who continued to have drop attacks after surgery were less likely to sustain injuries, which supports the use of corpus callosotomy for palliation. Other long-term studies have shown sustained benefit. 3 This may suggest that a good drop attack outcome at 12 months could be a clinically valuable postoperative marker for sustained good drop attack outcome. Interest is also turning towards selective posterior corpus callosotomy, with the recent study by Paglioli et al. finding 30 out of 36 patients were either free or almost free of drop attacks at last follow-up. 13 However, this must be contrasted with the older study by Pinard et al. in which the patients who underwent posterior corpus had poor outcomes. 14 All other clinical factors were not associated with a significant effect on the outcome of drop attacks. The extent of callosotomy is the factor that has been reported as that most commonly associated with seizure outcome; 1 however, our series found no significant effect of extent. This may be owing to a combination of factors, such as the LGS, Lennox-Gastaut syndrome; MRI, magnetic resonance imaging. relatively smaller number of patients with partial corpus callosotomy in our case series and the fact that determination of the extent of callosotomy was not solely based on postoperative imaging. Furthermore, these factors could explain the wide confidence interval for odds of good outcome being attributed to complete or subtotal corpus callosotomy in our logistic regression analysis. Corpus callosotomy was well tolerated regardless of the extent of callosotomy. The complication rate in our series was comparable to the paediatric literature. 1 The prospective, population-based study by Bjellvi et al. perhaps provides the best evidence of complications after epilepsy surgery and they used a similar classification system to ours. 15 They observed that the complication rate may be under-reported in the literature as most studies are retrospectively designed. Although their study was limited to a single country and only 24 corpus callosotomies were performed on paediatric patients, they found that no patients developed a minor complication and only one patient developed a major (unspecified) complication.
Notably, the findings in our series for disconnection syndrome differ from the literature. While the literature suggests that approximately 12% of paediatric patients will experience a transient disconnection syndrome, which is significantly more likely in complete corpus callosotomy (p<0.001), 1 our series found there was no significant likelihood of disconnection syndrome occurring nor was there any significant difference in outcome for complete versus anterior corpus callosotomy (p=0.37). This may be owing, in part, to the fact that the extent of callosal section in our series was largely based on the intraoperative surgeon's (MMT, WH and MD) report. Transient hemiparesis is a common complication in the literature, 1 and it was the most common complication in our series (13%). There are two hypotheses to account for the reversible hemiparesis. The usual assumption is that it is associated with the retraction of the contralateral leg motor area. This hypothesis could be confirmed with diffusion-weighted imaging. However, it is also possible that the hemiparesis is caused by the interruption of venous drainage relating to the division of central cortical veins in order to gain access to the interhemispheric fissure. This alternate hypothesis could be confirmed with a study that investigates any relationship between the number of veins divided during surgery and any postoperative deficits.
There were significantly fewer AEDs used at last followup compared with preoperatively (p<0.05), which is different to the paediatric literature. 1 This may reflect a strategy for optimizing AED usage in order to reduce the number of side effects. This could explain the relatively poorer outcome for drop attacks compared with the literature. However, the complex interplay between corpus callosotomy, optimal medical management, and AED side effects is beyond the scope of this paper and has not been explored in the literature. The benefit on other seizures was generally poor and was not correlated with drop attack outcome. It is not entirely clear whether the emergence of new seizure types is a reflection of the impact of the surgery or the evolution of the epilepsy. However, patients who had only one other seizure type benefited from corpus callosotomy for both drop attacks and the other seizure type. This may be indicative of the severity of seizure semiology before surgery, which, if appropriately defined, could prove to be another clinically relevant prognostic marker.
To date, all studies of corpus callosotomy outcomes in paediatric patients have focused on outcome at last followup.
1 This is the first study of corpus callosotomy to investigate the temporal aspect of outcome for drop attacks. This is also one of the largest studies of corpus callosotomy in the paediatric population, 1, 16, 17 which highlights the value of combining outcomes between centres.
There are several limitations to this study. The key limitation is the retrospective case series design. This may lead to the inaccurate reporting of some data, such as the full seizure semiology, any injuries from drop attacks, and the neuropsychological impact. While this introduces bias into the results, the study is useful as it does identify new information about the durability of seizure outcomes within the hypothesis that corpus callosotomy is a safe and effective palliative treatment for paediatric patients with generalized seizures characterized by drop attacks. Moreover, this paper is a reflection of actual practice, and prospective data collection was not possible. Postoperative neuropsychological assessments, postoperative electroencephalography studies, and postoperative MRI were not completed for all patients. Finally, there are potential centre differences in patient selection, work-up, and surgical approach. While both centres use International League Against Epilepsy recommendations for referral and evaluation, 7 there may be differences before 2006.
As discussed elsewhere in the literature, 1, 18 there is a clear need for a randomized control trial of corpus callosotomy outcomes compared with optimal medical management. The design of such a trial was outlined by Graham et al. in their systematic review based on the landmark randomized controlled trial of Wiebe et al. of temporal lobectomy. 1, 19 The prognostic benefit of an initial 12-month period of worthwhile benefit on drop attacks identified in this paper could aid the design of such a trial. A prospective design would allow for imaging to confirm the extent of the callosotomy, and could include recording the number of emergency and intensive care admissions for injuries and other complications of epilepsy. However, enrolling a sufficient number of patients would be challenging given the relative infrequency of the procedure. Moreover, there may be limited enrolment given the challenges faced by parents in consenting to corpus callosotomy after extended periods of optimal medical management. Imaging studies comparing semiology of drop attacks, as well as other seizures pre-and post-callosotomy may provide some insight into the seizure outcomes reported here and elsewhere. They have the potential to provide insight into the long-term tractographic changes post-callosotomy, as well as to why reported outcomes in children are generally better than those of adults.
CONCLUSION
This is one of the largest paediatric case series of corpus callosotomy outcomes, 1 and is the first in the corpus callosotomy literature to utilize Kaplan-Meier analysis. As observed previously in the literature, the results of this present case series serve to further strengthen the hypothesis that corpus callosotomy is an effective palliative treatment and is well tolerated in paediatric patients. There were significantly fewer AEDs used at last follow-up and significantly fewer injuries from drop attacks at last follow-up. It further suggests that fewer than two other types of seizure preoperatively, and an initial 12-month period of worthwhile reduction in drop attacks, are prognostic of a good seizure outcome. Owing to the limited number of cases seen in major children's hospitals, it is clear that a multicentre randomized trial is needed.
